The ground states of the transition-metal diatomic carbide cations, MC + (M = Sc, Ti, V, and Continuing our work on the elucidation of the electronic structure of diatomic metal carbides, neutral or otherwise 1 , we present high level ab initio calculations of the series MC + , M = Sc, Ti, V, and Cr. In particular, we focus on the ground states of the MC + species, with the purpose of obtaining accurate dissociation energies and certain spectroscopic constants, as well as to get some insight on their bonding character and trends. Recently, we have examined by multireference variational methods, the ground and 12 excited states of ScC + and TiC + molecules 1a ; their ground states were found to be of 3 Π(ScC + ) and 2 Σ + (TiC + ) symmetries. Table I col- 
taken into account, our best estimates for the zero-point-corrected dissociation energies of the MC + series are in good agreement with relevant experimental results. For TiC + , the recent correlation-consistent-type basis sets for Ti of Bauschlicher are also exploited to extract complete basis set limits of selected properties. The ground states of VC + (X 3 ∆) and CrC + (X 2 ∆) are reported for the first time in the literature. For CrC + an interesting competition is revealed between the 2 ∆ and 4 Σ -states; although 4 Σ -is formally the ground state at the MRCI level of theory, when core/valence and/or relativistic effects are included, the ground state of CrC + becomes of 2 ∆ symmetry, with a calculated energy separation (a 4 Σ -← X 2 ∆) of lects all experimental data available for the MC + series and some pertinent theoretical values. Using extensive basis sets, variational multireference and coupled-cluster techniques, we construct potential energy curves (PEC) and we report binding energies (D e ), bond distances (r e ), harmonic frequencies (ω e ), and Mulliken charges for both VC + and CrC + species. Using the same basis sets and methods, the ScC + and TiC + cations are re-examined for reasons of comparison and uniformity.
BASIS SETS AND METHODS
For the carbon atom, the correlation-consistent basis set of quadruple-ζ quality (cc-pVQZ) 12s6p3d2f1g was used, generally contracted to [5s4p3d2f1g] 6a . For the Sc, Ti and V, Cr metal atoms, the atomic naturalorbital (ANO) Gaussian basis sets 21s16p9d6f4g and 20s15p10d6f4g, respectively, were employed and similarly contracted to [7s6p4d3f2g] 7 . The oneelectron basis set space is composed of 139 spherical Gaussian functions. In addition, the effect of one h (l = 5) function to the D e and r e values was also examined for the CrC + species. For the TiC + system only, the newly developed Ti correlation-consistent-type basis set(s) of Bauschlicher 8 , 21s16p9d contracted to [7s8p6d] and augmented by a series of "polarization" sets 2f1g, 3f2g1h, and 4f3g2h1i named TZ, QZ, and 5Z, respectively, were also (core) electrons of the metal atom(s), the same ANO basis sets were used throughout the Sc-Cr series. However, in the core-correlated calculations of the TiC + molecule, in conjuction with the correlation-consistent-type TZ, QZ, and 5Z bases, the latter were augmented by 1f (CTZ), 1f1g (CQZ), and 1f1g1h (C5Z) Gaussians, respectively 8 . Thus, the largest contracted basis set used in the TiC + molecule, [7s8p6d5f4g3h1i/ Ti 7s6p5d4f3g2h/ C ] numbers 305 spherical Gaussians. To construct potential energy curves (PEC) for all four molecules, the complete active space self-consistent field + single + double replacements (CASSCF + 1 + 2 = MRCI) method was used, in conjunction with the ANO/ cc-pVQZ basis sets. The functional valence space chosen for all systems studied, ScC + to CrC + , is composed of 10 orbital functions, correlating asymptotically to the valence-occupied spaces of M + (4s + 3d) and C (2s + 2p) atoms. Considering the 1s 2 2s 2 2p 6 3s 2 3p 6 and 1s 2 electrons of M + and C as core (inactive), our zeroth-order spaces are formed by distributing 6, 7, 8, and 9 e -among 10 orbitals, giving rise to 1740, 3526, 5196, and 6996 configuration functions (CF) for the ScC + (X 3 Π), TiC + (X 2 Σ + ), VC + (X 3 ∆), and CrC + (X 2 ∆), respectively. It should be mentioned at this point that all our CASSCF wavefunctions obey symmetry and equivalence restrictions.
Dynamic valence correlation was obtained by single and double excitations out of the reference space(s) within the internally contracted philosophy 9 as implemented in the MOLPRO 10 suite of programs. Our largest uncontracted CI expansion (CrC + ) contains 66 × 10 6 CFs, reduced to about 1.2 × 10 6 internally contracted CFs.
To monitor the effect of the inner-shell of the metal, MRCI calculations including the 3s 2 3p 6 electrons were also performed around the equilibrium distance. Our largest uncontracted CI expansion in the case of TiC + /[C5Z/ aug-cc-pV5Z] consists of about 3 × 10 9 CFs vs 58 × 10 6 of the internally contracted one. These calculations will be referred to as C-MRCI. For reasons of comparison, valence restricted coupled-cluster singles and doubles including non-iterative triples [RCCSD(T)] calculations were also done around equilibrium for the MC + series. Corresponding RCCSD(T) calculations taking into account the 3s 2 3p 6 core electrons are referred to as C-RCCSD(T).
For TiC + only, we report complete basis set (CBS) limits of r e and D e values obtained by applying the mixed Gaussian/exponential formula
where P is a generic property, P ∞ its CBS limit, n the cardinal basis set number, and A, B freely adjustable parameters 11 . Relativistic effects for all four molecules are estimated at the (valence) MRCI level of theory via the one-electron Douglas-Kroll (DK) approximation 12 employing the DK-recontracted (aug-)cc-pVnZ basis set for C (ref. 13 ) and keeping the respective ANO basis set for the M atom uncontracted. Finally, basis set superposition error (BSSE) corrections were obtained at the same level of theory by the usual counterpoise approach 14 .
All our calculations were performed with the MOLPRO 2002.3 program 10 .
RESULTS AND DISCUSSION
The Atoms In Tables III and IV we report total energies, binding energies, and bond distances of the MC + (M = Sc, Ti, V, and Cr) ground states at different levels of theory. ) at different levels of theory, using the sequence of increasing-size correlation-consistent-type basis sets of Bauschlicher (C)nZ for Ti, and the aug-cc-pVnZ for C, n = 3, 4, and 5 (see Table III Table III In accord with the above description the following valence-bond-Lewis (vbL) icon captures the bond formation (Scheme 1; see ref. 1a for details) suggesting the formation of 3/2 π and 1/2 σ bonds. A total of 0.20 e -are transferred from Sc + to the C atom.
Now by increasing the Sc basis set in the present work by two g functions as compared to our previous work 1a , and performing state-specific calculations, we obtain D e = 71.76 kcal/mol at the MRCI level. Including corevalence correlation effects, δD e (core), due to the 3s 2 3p 6 electrons of Sc, the MRCI D e increases by 4.87 kcal/mol. In addition, scalar relativistic effects obtained through the DK method, δD e (DK), and BSSE change the D e value by +0.04 and -0.18 kcal/mol, respectively (Table III Table IV lists D e and r e values of the TiC + X 2 Σ + state using the series of the Ti correlation-consistent-type basis sets of ref. 8 The CBS limits of D e and r e , assuming that the BSSE is practically zero, are as follows: Notice that the extrapolation to the CBS limit alone increases the MRCI binding energy by about 2.5 kcal/mol. VC + . The ground state of VC + is "formally" of 3 ∆ symmetry with the first excited state ( 1 Σ + ) lying about 3 kcal/mol higher 17 . At infinity, the molecule is described by the product wavefunction | 5 D;M = ±1〉 V + ⊗ | 3 P;M = ±1〉 C . Moving towards the equilibrium and around 4.2 bohr, the X 3 ∆ state suffers an avoided crossing with a 3 ∆ state correlating to V + ( 5 D; M = ±2) + C ( 3 P; M = 0), thus transferring its character to the X 3 ∆ state (Fig. 1) .
The dominant equilibrium CASSCF configuration is . Notice that apart from the δ symmetry carrying electron of the VC + X 3 ∆ state, the above populations are practically identical to those of the TiC + X 2 Σ + state (vide supra). Clearly the bonding comprises two π and 1/2 σ bonds as exemplified by the vbL picture (Scheme 3).
Overall, 0.1 e -are transferred from V + to C. At the MRCI level of theory, D e = 79.02 kcal/mol and r e = 1.667 Å (Table III) . Including core-valence correlation effects (i.e., the V + 3s 2 3p 6 e -), Douglas-Kroll relativistic corrections, and BSSE estimates we obtain D e = D e (MRCI) + δD e (core) + δD e (DK) + δD e (BSSE) = 79.02 + 4.00 + 3.81 -0.16 = 86.7 kcal/mol, or D 0 = D e -ω e /2 = 85.4 kcal/mol, in acceptable agreement with the experimental value(s) 91.0 ± 0.9 3 and 89.2 ± 3.2 2 kcal/mol. Taking into account our experience with the systematic increase of the basis set in the X 2 Σ + state of TiC + , we can claim that it is reasonable to increase the D e value of VC + by about 2-3 kcal/mol, i.e., our estimated D 0 value becomes, D 0 = 88 kcal/mol, now in agreement with the experimental value(s).
The corresponding ground-state bond length after similar corrections is r e = r e (MRCI) + δr e (core) + δr e (DK) = 1.667 -0.019 -0.003 = 1.645 Å.
CrC + . It is natural to envisage the formation of the CrC + cation from the ground states of Cr + (a 6 S) and C ( 3 P) according to the vbL diagram (Scheme 4) indicating two π and 1/2 σ bonds, leading to a 4 Σ -state. The above mechanism of bond formation is identical to the formation mechanisms of the TiC + (X 2 Σ + ) and VC + (X 3 ∆). Indeed, the ab initio MCSCF + 1 + 2 calculations of Harrison 5 using a DZP basis set suggest a ground state of 4 Σ -symmetry and a binding energy D 0 = 31.5 kcal/mol at r e = 1.735 Å (Table I) . However, although Scheme 4 captures correctly the physics of the bonding, the situation is more involved than it seems and our results indicate that the ground 
state could be of 2 ∆ symmetry rather that 4 Σ -, albeit they are very close to each other (vide infra). 
Therefore, we are dealing with a genuine triple bond with the in situ Cr + atom in the excited 4 G state, 2.544 eV above the ground 6 S state 15 .
According to Fig. 2 , the 2 ∆ state correlates to Cr + (4s 1 3d 4 ; a 4 D) + C ( 3 P). As we move towards equilibrium and at about 4.5 bohr, the 2 ∆ state suffers an avoided crossing with another state of the same symmetry which, we believe, correlates to Cr + (3d 5 ; a 4 G) + C ( 3 P), thus imparting its character to the first 2 ∆ state.
Now it is interesting and instructive to follow the numbers of Table V . At the MRCI level, the ground state appears to be the 4 Σ -with the 2 ∆ just 0.22 kcal/mol higher, or 0.53 kcal/mol at the MRCI+Q level. Notice, however, that the RCCSD(T) method predicts the opposite, i.e., the 4 Σ -higher by 1.47 kcal/mol. We believe though that the RCCSD(T) results, at least at this level, are rather fortuitous because of the inability of the single-reference coupled-cluster method to describe correctly the spatial symmetry of the 2 ∆ state, thus lowering its energy in an artificial way. This symmetry problem does not intervene in the 4 Σ -RCCSD(T) description. The addition of a single (11-component) h function (exponent = 1.0) in the basis set of Cr makes the two states practically degenerate, with the 4 Σ -still being lower by a mere 0.01 (0.31) kcal/mol at the MRCI (MRCI+Q) level. Including relativistic effects through the DK method at the MRCI level, the 2 ∆ state is then predicted to be the lowest by 1.04 kcal/mol. At the C-MRCI level (including the 3s 2 3p 6 core electrons of Cr + ), again the ground state is predicted to be of 2 ∆ symmetry by 1.07 kcal/mol with respect to the 4 Σ -state. Assuming additivity of relativistic and core-correlation effects, including the zeropoint energy correction (∆ω e /2), and BSSE corrections, our best energy separation (T 0 ) between the two states is 2.3 kcal/mol with the 2 ∆ being the ground state. Unfortunately, the whole situation is rather subtle: (i) Adiabatically, the X 2 ∆ state correlates to Cr + (a 4 D) + C ( 3 P) with ∆E(a 4 D ← a 6 S) = 56.7 kcal/mol experimentally 15 , but theoretically we predict 54.9 kcal/mol at the C-MRCI(DK) level. (ii) Diabatically, the X 2 ∆ state correlates to Cr + (a 4 G) + C ( 3 P) with ∆E(a 4 G ← a 6 S) = 58.7 kcal/mol experimentally 15 , Kerkines, Mavridis: (Table I ). This agreement, perhaps, indicates the reliability of the experimental value and at the same time, the difficulty in obtaining accurate ab initio results even with diatomic molecules containing first-row transition metals.
SYNOPSIS AND REMARKS
In the present work, we have tried to obtain quantitative results, and to get some insight into the bonding mechanism of the ground-state metal monocarbide cations MC + (M = Sc, Ti, V, and Cr). To better understand the evolution of bonding, potential energy curves were constructed at the MRCI (CASSCF + 1 + 2) level of theory. Table VI condenses our best numerical values for the above MC + series. In all four ground states, the C atom participates with the M = 0 component of its 3 P ground state, thus preferring the formation of two complete π bonds (with the exception of ScC + where it forms 3/2 π bonds) and 1/2 σ dative bond (with the exception of CrC + where it forms a single σ bond, but see below). In particular, the bonding in ScC + (X 3 Π), TiC + (X 2 Σ + ) and VC + (X 3 ∆) is of similar nature, maintaining 1/2 σ bond and forming 3/2 π, 2 π and 2 π bonds as we move from ScC + to TiC + to VC + . In the case of CrC + , although the similarly bonded 4 Σ -state is found to be formally the ground state at the MRCI level of theory, upon allowing for core/valence correlation and/or scalar relativistic effects, the situation changes resulting in a 2 ∆ ground state with the 4 Σ -just 2.3 kcal/mol higher. Contrary to the first three cations, the X 2 ∆ state of CrC + correlates adiabatically to an excited state of the transition metal cation (a 4 D), while the in situ Cr + finds itself in the a 4 G state, thus forming a genuine triple bond with carbon. Parallel shifting with respect to the a 4 G state of Cr + to match the experimental energy separation gives an upper limit T 0 (a 4 Σ -← X 2 ∆) = 6.7 kcal/mol.
The similarity of bonding (2 π, 1/2 σ) is reflected nicely in Table VI , where the states X 2 Σ + (TiC + ), X 3 ∆ (VC + ), and a 4 Σ -(CrC + ) have, practically, equal bond lengths; ScC + , as was already mentioned, is "lacking" 1/2 π bond, resulting in a larger bond length. Notice the much shorter (by about 0.08 Å) bond length of the triply bonded CrC + X 2 ∆ state. The same trend is also followed in the D 0 values, the exception being the CrC + 4 Σ -state. The latter value could be possibly rationalized considering the significantly larger ionization energy of Cr + (16.49 eV) as compared with the previous cations Sc + (12.89 eV), Ti + (13.43 eV), and V + (14.2 eV) 15 .
In all four molecules, 3s 2 3p 6 core/valence correlation effects of the M + cation were found to play a substantial role in obtaining accurate energetics and geometries. In particular, dissociation energies increase by 4-5 kcal/mol, while bond lengths shorten by 0.02-0.04 Å, although it should be stressed that the inclusion of the 3s 2 3p 6 e -in the MRCI calculation increases significantly size-nonextensivity errors. In addition, relativistic effects estimated through the Douglas-Kroll approach were found to shorten bond lengths 
